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We observe that the dominant one loop contribution to the graviton propagator in the theory of N
(N  1) light scalar ﬁelds φa (with masses smaller than Mpl/
√
N) minimally coupled to Einstein gravity
is proportional to N while that of graviton–scalar–scalar interaction vertex is N independent. We use
this to argue that the coeﬃcient of the Rφ2a term appearing at one loop level is 1/N suppressed. This
observation provides a resolution to the quantum η-problem, that the slow-roll parameter η receives
order one quantum loop corrections for inﬂationary models built within the framework of scalar ﬁelds
minimally coupled to Einstein gravity, for models involving large number of ﬁelds. As particular examples,
we employ this to argue in favor of the absence of η-problem in multi-ﬁeld inﬂationary scenarios of M-
ﬂation and N-ﬂation.
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
Recent CMB observations [1] indicate that the early Universe
has passed through an inﬂationary period with Hubble parameter
H  10−5Mpl. The standard theoretical setup for inﬂationary mod-
els generically involves some scalar inﬂaton ﬁelds slowly rolling
down their potential. The slow-roll that is needed to ensure a reso-
lution to the problems of standard big bang cosmology, and consis-
tency with the CMB results, demands  = − H˙
H2
and η = H¨
H H˙
to be
smaller or of order 10−2 [1]. In the context of simple single scalar
models with potential V (φ),  and η are measures of ﬂatness of
the potential and, speciﬁcally, η ∼ m2/H2, where m is the effec-
tive mass of the inﬂaton ﬁeld. Therefore, the theoretical framework
invoked for inﬂationary model building should also provide mech-
anisms to protect the potential and its ﬂatness against quantum
and/or quantum gravity corrections.
In physics models we generically associate smallness and pro-
tection of a quantity like η with an approximate symmetry, such
that when the symmetry is exact this parameter (here the effec-
tive mass of inﬂaton) is zero. Supersymmetry, for example, can be
such a symmetry. It turns out that in the presence of gravity, as
in our case where we are dealing with inﬂation models, symme-
tries protecting η, like e.g. an approximate shift symmetry, are all
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Hubble scale H of the background, yielding an order one η, i.e., the
η-problem. Notice that the η-problem may appear in two ways: In
a top-down approach where we invoke a theory of quantum gravity
like string theory for inﬂationary model building.1 Or in a bottom-
up approach where we take the usual ﬁeld theory setup of Einstein
gravity plus scalar inﬂaton ﬁelds, assuming that this framework
is valid up to Planck scale Mpl. In this work we focus on the η-
problem in the bottom-up approach.
In the bottom-up approach the η-problem arises from quantum
loop corrections to the tree level graviton–scalar–scalar vertex. Al-
though Einstein gravity is non-renormalizable, one can still apply
the (Wilsonian) effective ﬁeld theory techniques to Einstein grav-
ity theory and consider loop corrections, e.g. see [3–5]. In the
presence of a (pseudo)scalar ﬁeld φ minimally coupled to Ein-
stein gravity, as in generic inﬂationary models, in general all terms
compatible with the (gauge) symmetries of the system, here the
diffeomorphisms, appear in the low energy effective action. One
such term which appears at one loop level is Rφ2 term. The co-
eﬃcient of such a term is quadratically divergent and in the one
loop effective action appears as [6]
ζ
Λ2
M2pl
Rφ2, (1.1)
1 In the top-down approach the η-problem appears as a classical (not loop) effect,
usually due to the interaction of the inﬂationary sector with the “moduli stabiliza-
tion sector”, see, e.g., [2]. In these models it turns out to be easy to have small 
with controlled back-reactions on it, but η receives order one corrections.
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ﬁcient. Note that 1/M2pl term in (1.1) has appeared as the gravita-
tional coupling. Although presence of such a term was noted long
ago [6], its consequences for inﬂationary model building have been
largely overlooked. Assuming a Planckian cutoff scale, Λ ∼ Mpl, in
an inﬂationary background where R ∼ H2, this term yields a cor-
rection of order H2 to the inﬂaton mass, causing the “quantum
η-problem”. In this Letter by reviewing the arguments leading to a
term like (1.1) for generic inﬂationary models we introduce more
explicitly this overlooked quantum η-problem.
The quantum η-problem, or the Hubble scale graviton loop cor-
rections to the mass of effective inﬂaton ﬁeld, is quite generic to
most inﬂationary models and one may put forward the idea of
kinematically reducing the coeﬃcient ζΛ2/M2pl. In this Letter we
explore this possibility. One obvious possibility is to choose the
cutoff Λ, the scale where quantum gravity effects become impor-
tant, to be one or two orders of magnitude smaller than Mpl [7].
In this case the coupling constant of gravitons will be reduced
like the momentum UV cutoff and the η-problem persists. Alter-
natively, one may explore the idea that ζ is a kinematical factor
that for some reason is not of order one, while the bare cutoff Λ
is Mpl. In fact, similar suppressions are already very well known
in the context of large N gauge theories [8]: the nonplanar part
of a given Feynman diagram comes with powers of 1/N suppres-
sion compared to the planar part of the same diagram. As we will
show similar analysis can be repeated for the theories involving
large number of scalar ﬁelds minimally coupled to gravity. In par-
ticular, if we have N number of “light ﬁelds”, lighter than Mpl/
√
N ,
ζ turns out to have a 1/N suppression factor. In a sense, as if, the
diagram leading to (1.1) is a nonplanar diagram. This observation
is closely related to the “species dressed gravity cutoff scale” ideas
discussed in [9], in light of which the ζ ∼ 1/N result may be inter-
preted as dealing with a “dressed cutoff” Λ/
√
N while Λ ∼ Mpl.
Here, we examine the above proposed 1/N resolution to the
η-problem. We assume that there is a hierarchy of scales be-
tween H , the dressed gravity cutoff Λdressed ∼ Mpl/
√
N and Mpl:
H  Λdressed  Mpl which is easily achieved by e.g. N  102.
This provides a window where one can safely use the standard
techniques of quantum ﬁeld theory and effectively deal with a
system that could be described by Einstein–Hilbert gravity, the in-
ﬂaton sector, and other heavy remnants of the theory of quantum
gravity whose masses Ma fall below the new gravity cutoff, i.e.
Ma Λdressed.
In this work we consider a system of N light scalars minimally
coupled to Einstein gravity and work out basic Feynman rules of
the theory and compute the quadratically-divergent part of the one
loop contributions to the graviton propagator and graviton–scalar–
scalar vertices. We show that one loop graviton two-point function
has a linear N parametric dependence while the graviton–scalar–
scalar vertex has no N dependence. Therefore, if we (re)normalize
the graviton two-point function, the vertex will have a factor of
1/
√
N . This latter leads to ζ ∼ 1/N (cf. (1.1)). We discuss how this
can resolve the η-problem in the context of many-ﬁeld models like
N-ﬂation [10] or M-ﬂation [11,12].
2. Loop analysis in multi-ﬁeld inﬂationary models
Consider the action of N scalars minimally coupled to gravity
L= −1
2
M2plR −
1
2
∂μφa∂
μφa − 1
2
M2aφ
2
a − V (φa), (2.1)
where a = 1,2, . . . ,N is the number of scalar ﬁelds, and summa-
tion over repeated a,b indices is assumed. One or some of these
scalars play the role of inﬂaton(s), and V (φa) could be any poten-
tial that realizes slow-roll inﬂation at the classical level, while therest exhibit possible remnants of the underlying quantum gravity
theory. We assume the mass of these remnants to be below our
dressed cutoff Λdressed. The action (2.1) once quantized will re-
ceive all possible corrections compatible with the non-anomalous
symmetries of the system, in particular an Rφ2a correction which
appears at one loop level, the coeﬃcient of which, is 1/N sup-
pressed.
To perform the one loop analysis, as in any quantum ﬁeld the-
ory, we need to work out basic tree level Feynman diagrams of
propagators and interaction vertices. To do so for the gravity sector,
following [3], we introduce the tensor densities, g¯μν = g1/2gμν
and g¯μν = g−1/2gμν . We will decompose the density metric to the
ﬂat part and the deviation from the ﬂat space part,
g¯μν = ημν + hˆμν, (2.2)
where hˆμν ≡ M−1pl hμν . The action (2.1) in the leading interaction
term in hμν becomes
L= −1
2
∂αhμν∂
αhμν + 1
2
φa
(− M2a)φa + 12Mpl hμνT
μν (2.3)
where
Tμν = ∂μφa∂νφa − ημν
(
1
2
∂αφa∂αφa − 1
2
M2aφ
2
a − V (φa)
)
.
(2.4)
Note that Tμν is written to lowest order in hμν and so it is in-
dependent of hμν . From this interaction term, and dropping the
last term in (2.4) which is inessential for our purposes, one can
read the vertex φaφahμν to be 1Mpl (p
μp′ν − 12ημν(p · p′))δab , where
pμ and p′μ are two external four-momenta on the φa particles.
To work out the basic Feynman graphs of the theory we need
to gauge-ﬁx the diffeomorphism invariance. This may be done
through gauge ﬁxing term Lg.f. = M
2
pl
4 g¯
μα
,μ g¯
νβ
,ν ηαβ .
2.1. One loop ﬂat background analysis
We now proceed to the one loop analysis and revisit the
one loop propagator calculations as well as graviton–scalar vertex.
Since we are interested in the quadratically divergent term (1.1),
it is appropriate to use cutoff regularization; dimensional regu-
larization, which is very well suited in capturing the logarithmic
divergences and already used in [4,5], cannot be employed here.
As depicted in Fig. 1, there are three Feynman diagrams con-
tributing to the one loop graviton propagators which involve scalar
ﬁelds running in the loop. The details of the loop calculations are
standard and may be found in the literature, e.g. in [3,6] and their
numerous citations. Here, we are only interested in the N and
Λ/Mpl dependence of the diagrams and we will hence focus on
that. In electrodynamics, the gauge invariance enforces the pho-
ton self-energy to be transverse. This reduces the degree of diver-
gence from two to zero. However, in gravity the gauge invariance
does not do so. It only relates the three diagrams that involve the
scalar ﬁeld in the loops. Thus the quartic divergence, NΛ4δμνδρσ ,
which corresponds to the cosmological constant term, NΛ4
√−g ,
remains. This difference is due to the fact that NΛ4
√−g is still
gauge (diffeomorphism) invariant whereas m2AμAμ is not. This is
the famous cosmological constant problem which we do not intend
to deal with here.
Next-to-leading divergent part diverges like Λ2 and this is the
part that renormalizes the graviton propagator. In particular, the
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diagram that involves two graviton–scalar three-vertices is
I1 =
Λ∫
d4k
(2π)4
i
k2 − M2a
i
(k − p)2 − M2a
× V ab3μν(−k,k − p; p) · V ab3ρσ (k, p − k;−p),
where V ab3μν(−k,k − p; p) is the value of graviton–scalar three-
vertex. The quadratically divergent part of the above integral is the
part we are interested in which is obtained to be
I1|Λ2 =
1
3 · (16π)2 N
(
Λ
Mpl
)2
Dμνρσ .
In the above we have assumed Ma  Λ which is generically
through for models of inﬂation. The diagram involving the gravi-
ton–scalar four-vertex could be treated similarly. The leading part
of that integral is also quartic in the UV cutoff and just renor-
malizes the cosmological constant and this diagram does not con-
tribute to the quadratically divergent terms. Ma are all much
smaller than the “undressed (bare) UV cutoff” Λ, which is taken to
be Mpl. The last diagram in Fig. 1 has only a quartic divergence and
does not contribute to the renormalization of the graviton propa-
gator at all. Thus we see that the one loop graviton propagator is
proportional to number of ﬁelds N , as well as ( ΛMpl )
2.
This term may be viewed as the correction to the Newton con-
stant or Mpl. That is, the quantum gravity effects become impor-
tant when this term becomes of the same order as the classical
tree level value. This happens if the cutoff momentum Λ is of or-
der
Λ2dressed =
M2pl
N
(2.5)
which is the species dressed UV cutoff. Besides this “perturbative” ar-
gument, the fact that one should use this reduced cutoff instead of
Mpl in presence of large number of species has also been backed
up by black hole physics and Hawking radiation from black holes
in theories with large number of light species [9] (for other impli-
cations of the species dressed UV cutoff, see [13]).
One may also compute one loop correction to the scalar prop-
agator. Again there are diagrams involving only scalars and two
diagrams involving gravitons. It is immediate to see that the lat-
ter two diagrams have no parametric dependence on the number
of scalars N .Fig. 2. One loop contributions to h–φ–φ vertex. These diagrams contribute to the
corrections of graviton–scalar tree level interactions (by renormalizing them) as well
as generating the Rφ2a term at the level of one loop effective action.
As depicted in Fig. 2, there are three diagrams contributing to
scalar–graviton vertex at one loop level. Our interest in these di-
agrams are twofold: i) we read the correction to the tree level
graviton–scalar three-vertex depicted in Fig. 1 and, ii) compute the
coeﬃcient of the Rφ2a term which appears at one loop level from
these diagrams.2
Since we are mainly interested in the N and Λ dependence
of the loop expressions we only focus on that issue here. There
is no N dependence appearing in any of the diagrams in Fig. 2,
and these diagrams, compared to the tree level results, are propor-
tional to (Λ/Mpl)2. This in particular implies that the coeﬃcient
in front of the effective Rφ2a term (up to numeric factors of 1/4π )
is proportional to (Λ/Mpl)2, and if Λ is the species dressed cut-
off Λdressed of (2.5) this term is suppressed by the number of light
species N .
The other point which is worth mentioning is that the exis-
tence of higher order self-interactions for the scalar ﬁelds will not
disturb our argument. For example, the inclusion of mass term in
the potential for the inﬂaton will modify the scalar ﬁeld propaga-
tor and also creates an h–φ–φ vertex with coupling M2a/Mpl. This
vertex will be of course different from h–φ–φ vertex whose one
loop correction leads to Rφ2 term, as the latter comes with ex-
ternal momenta in the expression for vertex coupling. Presence of
M2a in the scalar propagators will only induce a correction of or-
der M2a/M
2
pl log(Λ
2
dressed/M
2
a ) to the ﬁnal result, which as long as
Ma  Λdressed  Mpl, the effect of such terms is very small. In a
similar way, one can argue that more general form of the poten-
tial for the scalar ﬁelds V (φa) will not change the leading order
contribution to Rφ2a term as long as the potential is ﬂat enough to
support slow-roll inﬂation.
To summarize, the one loop correction to graviton propagator
is dressed with a power of N , while the graviton–scalar–scalar
vertex is N independent. This result is very similar to the well-
established ’t Hooft 1/N expansion [8], that if we normalize the
2 In transverse-traceless gauge which we have assumed so far, the Ricci scalar is
second order in hμν and h ≡ hμμ is non-dynamical. In non-ﬂat background, which is
the main focus of the Letter, h becomes dynamical and h is non-vanishing. Thus,
we will focus on h–φ–φ vertex. This will help us to have the discussion in ﬂat and
inﬂationary backgrounds go parallel to each other. In ﬂat space–time, the operator
Rφ2, or (∂h)2φ2 is generated from the one loop correction to the h–h–φ–φ vertex,
which comes with the same coeﬃcient (Λ/Mpl)2 with respect to the tree level
coupling.
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sion.
2.2. Inﬂationary background one loop analysis
The above analysis was carried out in a ﬂat space background
and should be revisited for inﬂationary (almost de Sitter) back-
grounds. It is readily seen, however, that the basic argument
behind the factors of N does not depend on the background geom-
etry. Also, the presence of the new scale H  Λdressed should not
affect our argument in any qualitatively important way. We still
expect that species lighter than the high energy cutoff Λdressed in
general will contribute to N . The only change concerns the very
lightest species, with masses roughly below the Hubble scale H ,
where momenta at super-Hubble scales will not contribute. This is
due to the fact that all the modes with Ma > 3H/2, regardless of
their k, are always quantum modes, while modes with Ma < 3H/2
are classical for large wavelengths (i.e. “super-Hubble” physical mo-
menta k/a(t) < 3H/2), and quantum mechanical for sub-Hubble
momenta. This is of course the standard established result in in-
ﬂationary cosmic perturbation theory and quantum ﬁeld theory on
curved (de Sitter) space–time [14].
Since we are only interested in the UV behavior of the loop
integrals, we can instead of integrating over k all the way from
zero to Λdressed, restrict the integral to go from H to Λdressed.
In this way we avoid the unnecessary complication with super-
Hubble modes. In summary, all the modes lighter than Λdressed,
with both super-Hubble or sub-Hubble masses, contribute to the N
in the loop integral. In other words, as long as H Λdressed, N is
the same for inﬂationary and ﬂat space and Λ2dressed is given by
Eq. (2.5), where N is the number of species lighter than the cutoff,
Λdressed. In particular, the coeﬃcient of the Rφ2a term generated at
one loop will become ξ/N , with ξ of order one.
We are now ready to address the η-problem. To this end, we
recall that the one loop corrected action is
L = Lcl + ξN Rφ
2
a . (2.6)
Hence, the slow-roll parameter ηab ≡ M2pl VabV , where Vab = ∂
2V
∂φa∂φb
,
is
ηab = ηclab +
ξ
N
R
3H2
δab 	 ηclab +
4ξ
N
δab. (2.7)
To have a successful slow-roll inﬂationary period we usually de-
mand η ∼ 0.01, and if we assume ηcl ∼ 0.01, quantum corrections
to η will be suppressed enough for N  100.
3. Discussion
In this Letter we noted that all slow-roll inﬂationary models
built in framework of scalar ﬁeld(s) coupled Einstein gravity are
potentially unstable against graviton loop corrections which lead
to Hubble order corrections to the inﬂaton mass term, the quan-
tum η-problem, if we intend to keep the UV cutoff of the theory of
order Mpl. Although this problem is generic to usual inﬂationary
models, as we showed, it ﬁnds a resolution in many-ﬁeld mod-
els of inﬂation that are minimally coupled to gravity. The large
numbers of ﬁelds, whose masses are assumed to be smaller than
Mpl/
√
N , have a natural appearance in effective low energy ﬁeld
theory description of quantum gravity models. As we argued N 
100 will resolve the η-problem. Even though it is not necessary
for our argument, the scalar ﬁelds should be weakly interacting to
realize inﬂation.Inﬂationary models with many scalar ﬁelds have recently got
attention in view of their success in providing a natural explana-
tion for the smallness of the inﬂaton self-couplings (the issue of
steepness of the potential) and for the super-Planckian excursion of
the effective inﬂaton in the ﬁeld space [15]. This idea is not exotic
to string theory motivated inﬂationary settings where it is quite
common to have an abundant number of ﬁelds/degrees of freedom
with masses below the dressed cutoff Mpl/
√
N , see, e.g., [10,16,
11]. Even though in some of these setups, like N-ﬂation, the indi-
vidual ﬁeld excursion is greater than the dressed UV cutoff, some,
like gauged M-ﬂation [12] or multiple M5-branes inﬂation [16], re-
main immune to this “beyond-the-cutoff” problem.
Here we brieﬂy discuss the gauged M-ﬂation case [12]. In M-
ﬂation [11], the inﬂaton potential is constructed by three N × N
non-commutative hermitian matrices whose action is invariant un-
der U (N). The classical dynamics is simpliﬁed considerably in the
SU(2) sector where these three scalar ﬁelds are proportional to
the generators of the SU(2) algebra. In such a sector, the effec-
tive inﬂaton has a fourth degree polynomial whose quartic and
cubic effective couplings are suppressed from the undressed cou-
plings by the powers of N−3 and N−3/2, respectively. In absence
of gravity, such a potential is renormalizable and radiatively sta-
ble. Gauged M-ﬂation besides the three scalars has a U (N) gauge
ﬁeld. In this model, there is U (1) ﬁeld, associated with “center of
mass” U (1) ∈ U (N). Gauged M-ﬂation in the SU(2) sector besides
the inﬂaton ﬁeld contains 5N2 − 1 “spectator ﬁelds” which do not
contribute to classical inﬂationary trajectory while can be excited
quantum mechanically and appear in the loops. For the gauged
M-ﬂation there are 2N2 + 1 such scalar modes and 3N2 − 1 mas-
sive vector modes. These modes have a hierarchical spectrum, i.e.
they can be lighter or heavier than the Hubble scale H , for more
details see [12]. Not all these modes are hence light enough to
be counted in the dressed cutoff. As discussed in [12], the num-
ber of “contributing species” Ns varies between 3 × 105 and 106,
depending on the region of the potential inﬂation happens. Hence,
the species dressed UV cutoff is 10−3Mpl Λdressed  5×10−3Mpl.
Consequently the Rφ2 term is suppressed by a factor of  10−5
and could be safely ignored.
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